INTRODUCTION 5 0
Microbial communities that reside inside halite nodules from Salars in the a significant effect on metabolic processes. For example, the bacterial sRNA OxyS, 9 0 which is dramatically induced by oxidative stress, regulates the expression of about 40 1 0 1 organism. (19, 25) In Sulfolobus solfataricus, 125 trans-encoded sRNAs and 185 cis- homologs but their interaction with sRNAs is still yet to be elucidated.(28) All together, 1 0 9 these studies suggest that sRNAs are as widespread and abundant in the Archaea as in the Target mRNA identification of sRNAs has proven to be difficult within the 1 1 2 6 Archaea but a necessary task for uncovering sRNA functionality. RNA-seq in M. mazei 1 1 3 cultures, grown under nitrogen starvation conditions, showed the differential expression 1 1 4 of a number of sRNAs in response to nitrogen availability, and allowed for the potential target for sRNA 162 is a bicistronic mRNA encoding for a transcription factor 1 1 7 involved in regulating the switch between carbon sources and a protein of unknown regulator, a triose-phosphate isomerase, and transcription factor B, supporting a potential 1 2 0 role for archaeal antisense sRNA in the regulation of iron, transcription, and core 1 2 1 metabolism.(30) sRNA deletion mutants can be used to identify potential biological 1 2 2 functions and target genes. Deletion strains were successfully generated for H. volcanii, 1 2 3 and phenotyping of the sRNAs deletion mutants revealed several severe growth defects While these studies revealed that sRNAs likely play essential roles in the physiological unknown. Furthermore, no work has been done to investigate archaeal sRNAs in 1 2 9 response to oxidative stress, a universal and frequent stressor in all domains of life that 1 3 0 results in extensive cellular damage. In order to determine the impact of sRNAs during
To identify globally small non-coding RNAs differentially expressed in response to 1 3 7 oxidative stress in H. volcanii, we exposed 5 replicate cultures of H. volcanii to 2 mM 1 3 8 1 7 0 (68%) were encoded on the chromosome and integrated plasmid pHV4 (18%). No sRNA 1 7 1 encoded on plasmid pHV2 were found, as expected, while sRNAs were encoded on the 1 7 2 remaining plasmids pHV1 (2%) and pHV3 (12%). The average expression of the sRNAs was 22.1 TPM. Relative to mRNA 1 7 4 expression levels (average: 254.8 TPM), the expression of the sRNAs was on average an 1 7 5 order of magnitude lower. A comparison of the distribution of expression levels between 1 7 6 sRNAs and mRNAs further confirmed that a majority of sRNAs was more lowly 1 7 7 expressed than mRNAs. Of the discovered sRNAs, 75% had expression values less than 1 7 8 or equal to 1 TPM ( Figure S3 ), 5% had expression levels similar to that of mRNAs, (TPM >20), and 22 had robust expression levels with TPMs ranging from 100 to 700. Lastly, 2 sRNAs around 150 nucleotides in size exhibited extremely high expression 1 8 1 level with TPMs of 14,000 and 460,000, respectively. Transcript length did not correlate 1 8 2 with expression levels, indicating that the low expression of sRNAs observed was not an 1 8 3 artifact of sequencing (i.e. longer transcripts receiving more read coverage thus skewing 1 8 4 coverage based on length) ( Figure S4 ). We found that 4 of the top 5 most highly 1 8 5 expressed sRNAs (TPM >150) were located in intergenic regions. Putative mRNA targets for the most highly expressed antisense sRNAs were 1 8 7 identified as the cis-mRNA encoded on the opposite strand with a minimum overlap of trend of target mRNA expression decreasing (non-challenged: 3.9; 1.1 TPM, H 2 O 2 : 6.7, 2 2 9 5.4 TPM). To further investigate this negative regulatory relationship between sRNAs and 2 3 1 mRNA targets we probed for differentially expressed sRNAs between the non-challenged 2 3 2 and the oxidative stress conditions. Candidate sRNAs were considered significantly up-2 3 3 or down-regulated by oxidative stress using a False Discovery Rate (FDR) of less than 2 3 4 5%. Using this statistical framework, we identified a core set of differentially expressed 2 3 5 sRNAs specific to oxidative stress. Both intergenic and antisense sRNAs were 2 3 6 differentially expressed. Of the intergenic sRNAs, 55 were significantly differentially 2 3 7 expressed, with 27 up-regulated and 28 down-regulated ( Fig S5, Table S2 ). All up- Table S3 ). Seventeen percent (46 sRNAs) of these differentially expressed greater (31) compared to down-regulated (15).We then compared differential expression 2 5 0 1 2 levels between antisense sRNAs and their putative mRNA targets (no putative targets 2 5 1 could be reliably identified in silico for intergenic sRNAs) and found that, in most 2 5 2 instances, up-regulated antisense sRNAs had putative mRNA targets that were down-2 5 3 regulated during oxidative stress (Fig 3b) . For example, during oxidative stress,14 up-2 5 4 regulated antisense sRNAs targeted transposase mRNAs and each of the cognate 2 5 5 transposase mRNAs were found to be down-regulated (Fig 3c) . Furthermore, only a Oxidative-stress responsive antisense sRNAs were bioinformatically predicted to 2 6 0 overlap both the 5' and 3' UTRs of mRNAs indicating a hybrid system between Eukarya 2 6 1 (3' UTR-binding) and Bacteria (5' UTR-binding) sRNA regulatory systems (Fig 4) . We 2 6 2 found that 7% of antisense sRNAs overlap at the 5' UTR and 26% overlapping at the 3' 2 6 3 UTR. However, the majority of the antisense sRNAs (67%) were found to overlap the 2 6 4 coding sequence (CDS) of mRNAs rather than targeting the UTRs, which has not been 2 6 5 previously reported (Fig 4) . Using Northern blots, we recapitulated the in vivo differential 2 6 6 expression patterns of selected candidate sRNAs, further confirming transcript size and 2 6 7 differential expression levels for oxidative stress, even for the most lowly expressed 2 6 8 sRNA candidate (1 TPM) (Fig 5a and 5b) . We also showed that the strandedness (the 2 6 9 strand on which the sRNA was encoded) predicted by our sRNA-seq analysis was confirmed by our in vivo data using oligo probe northern blotting of 5' UTR, 3' UTR, 2 7 1 CDS antisense sRNAs, and intergenic sRNAs (Fig 5b) . transcriptional regulation (transcription factors) (p <0.05). Genes, from many other 2 8 0 pathways that were not enriched, were also the target of antisense sRNAs, including 2 8 1 peptidase activity genes and serine and threonine biosynthesis genes (Fig 6a) . Twenty 2 8 2 three of these sRNAs targeted transposase genes. Each transposase gene was down- analysis found that down-regulated sRNAs target genes were involved in membrane targeting hydrolases (Fig 6b) . A significant proportion of enriched targets for both up-2 9 0 and down-regulated sRNAs were genes encoding hypothetical proteins. determine the transcriptional landscape of mRNAs during oxidative stress, especially for 2 9 3 mRNAs that were predicted targets of sRNAs, we sequenced rRNA-depleted mRNA-seq (1,176) were significantly differentially expressed with a False Discover Rate less than 2 9 7 5% ( Table S4) . Both catalase and superoxide dismutase, known ROS detoxification in the oxidative stress response remain to be elucidated. Our whole transcriptional analysis demonstrated that more than a quarter of the at 42 °C with shaking at 220 rpm. Cultures were then rapidly cooled down, centrifuged at 5 0 4 5,000 x g for 5 minutes and the pellets resuspended in 18% sea water. The cell 5 0 5 suspensions were then transferred to a 1 mL tube and centrifuged at 6,000 x g for 3 5 0 6 minutes, the pellets were flash frozen and stored at -80 °C until ready for RNA extraction. Control non-challenged culture replicates were processed in the same manner without the oxidative stress conditions was done using microdilution plating as described before.(7) 5 1 1
Counts were averaged and standard deviation calculated between replicates. Survival was pellets, cells were processed with a 23 G needle and syringe to insure complete cell lysis. H. volcanii liquid culture is slimy and viscous thus to increase cellular lysis a 23 G needle 5 1 8
and syringe was used to break down the cell pellet. Total RNA was then extracted 5 1 9
following the standard kit protocol.
2 0
Small RNA-sequencing library preparation (sRNA-seq) . Total RNA, for each 5 2 1 biological replicate and condition, was size-selected using denaturing polyacrylamide gel 5 2 2 electrophoresis. 20 µg of total RNA was loaded onto a 7% denaturing urea NaCl, ethanol precipitated, and DNase I (NEB) treated (37 °C for 2 hours) as previously RNA was rRNA-depleted using the Illumina Ribo-zero Bacteria kit. Library preparation 5 3 4 and sequencing was as described above, omitting the size-selection by denaturing gel Assessment of the quality of each sequencing library read was determined using fastqc.
3 8
The program trim galore was used with base settings to trim adapter sequences from 5 3 9 reads and to filter out low phred score reads (<20). Short length reads were preserved. were assembled into transcriptomes using the program stringtie in order to build full- Small RNAs in haloarchaea: identification, differential expression and biological 
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